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A b s t r a c t  

He te rodyne  f r e q u e n c y  measurements  have  b e e n  made 
on t h e  12°0-OOo0 band of c a r b o n y l  s u l f i d e  i n  t h e  
wavenumber r a n g e  from 1866 t o  1915  cm-'. F requency  
measurement  t e c h n i q u e s  r e p o r t e d  e a r l i e r  a re  u s e d  t o  
measu re  t h e  OCS a b s o r p t i o n  l i n e s  by means of a 
t u n a b l e  d iode  laser ,  a C O  laser  loca l  o s c i l l a t o r ,  and 
two C02 l asers  u s e d  a s  s e c o n d a r y  f r e q u e n c y  s t a n d a r d s .  
A t a b l e  of c a l c u l a t e d  a b s o r p t i o n  f r e q u e n c i e s  is g i v e n  
f o r  O C S  f rom 1866 t o  1919 cm-'. 

h e t e r o d y n e  f r e q u e n c y  measu remen t s ,  OCS c a l i b r a t i o n  
f r e q u e n c i e s ,  c a r b o n y l  s u l f i d e  c o n s t a n t s  
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I n  t roduc t ion 

Maki et al. 

We have been making heterodyne frequency meas- 
urements on O C S  ( 1 )  and N 2 0  ( 2 )  i n  o rder  t o  provide 
accu ra t e  frequency values  f o r  absorp t ion  f e a t u r e s  
which can be used f o r  frequency c a l i b r a t i o n  i n  t he  
i n f r a r e d .  I n  t h i s  paper we r e p o r t  t he  f i r s t  d i r e c t  
heterodyne frequency measurements on the  1 2°0-0000 
band of OCS between 1915 and 1866 cm-' . 

E a r l i e r  measurements of t h i s  band were repor ted  
by Maki e t  a l .  ( 3 ) .  Butcher e t  a l .  (4) and Euckley - e t  
a l .  (5), but  those e a r l i e r  measurements used 

-- -- 
- 
c a l i b r a t i o n  techniques t h a t  were one o r  two o rde r s  of 
magnitude l e s s  accura te  than the  present  measure- 
ments.  Q u i t e  good measurements were repor ted  by Fayt 
e t  a l .  ( 6 )  based on g r a t i n g  spectrometer  measurements 
which a r e  not  a s  r e l i a b l e  a s  frequency measurements. 
-- 

S a t t l e r  e t  a l .  ( 7 h  repor ted  t h r e e  heterodyne 
0 measurements on the  1 2  0-10 0 v i b r a t i o n a l  t r a n s i t i o n  

0 0  and o the r  l e s s  accura te  measurements of t h e  1 2  0-10 0 
and 1 2°0-0200 t r a n s i t i o n s .  S a t t l e r ' s  d a t a ,  i n  
combination with the  heterodyne measurements on the  
10 0-00 0 and 02 0-00 0 t r a n s i t i o n s  given i n  r e f s .  ( 1  
and 7 )  can be used  t o  determine the  f requencies  of 
t he  1 2°0-0000 band t r a n s i t i o n s ,  bu t  t h e  u n c e r t a i n t i e s  
i n  the  f requencies  thus  determined a r e  r a t h e r  l a rge .  
I n  t h i s  paper we have combined these  e a r l i e r  
measurements by S a t t l e r  w i t h  t h e  present  measurements 
t o  g e t  a much improved s e t  of frequency va lues  f o r  
t he  e n t i r e  band. 

0 0  0 0  

Experimental Techniques 

Heterodyne frequency measurements on O C S  w i t h  
r e spec t  t o  a s i n g l e  C 0 2  l a s e r  a r e  r e l a t i v e l y  
s t r a igh t fo rward ,  a s  a HgCdTe de tec to r  can e a s i l y  
genera te  t h e  d i f f e r e n c e  frequency between the  tunable  
diode l a s e r  (TDL)  and the  gas  l a s e r  ( 8 , 9 ) .  Since the  
HgCdTe d e t e c t o r  cannot genera te  harmonics of C 0 2  
l a s e r s  and our  a t tempts  t o  compare a TDL generated 
frequency w i t h  t h a t  of a synthes ized  frequency i n  a 
metal- insulator-metal  (MIM) diode have ye t  t o  be 
success fu l ,  we r e l y  on a t r a n s f e r  o s c i l l a t o r  scheme 
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f o r  measurements a t  5 um, see f o r  example R e f s .  
( 1  ,101 .  T h i s  t e c h n i q u e  u s e s  b o t h  t h e  HgCdTe de t ec to r  
and  t h e  M I M  d i o d e  i n  two s i m u l t a n e o u s  measu remen t s .  
A b l o c k  d i a g r a m  o f  t h i s  scheme is shown i n  F i g .  1 .  
I n  one  measurement ,  t h e  f r e q u e n c y  of a CO laser  is 
measured w i t h  r e s p e c t  t o  a f r e q u e n c y  g e n e r a t e d  f rom 

CO LASER 
TRANSFER 

OSCILLATOR 

+- 1 OCS ABS 
CELL 

Vxfer 
HgCdTe 

DET 
TUNABLE DIODE 

LASER 

t 

FREQ. SERVO 
CONTROL 

F i g u r e  1 .  Block d i a g r a m  of scheme u s e d  f o r  O C S  
f r e q u e n c y  measu remen t s  d e s c r i b e d  i n  t h i s  p a p e r .  The 
s y n t h e s i z e d  f r e q u e n c y ,  vs, is g i v e n  by t h e  e q u a t i o n ,  
where R ,  m ,  a n d  n a re  p o s i t i v e  or n e g a t i v e  i n t e r g e r s .  
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C 0 2  laser  f r e q u e n c y  s t a n d a r d s .  The o t h e r  measurement  
c o n s i s t s  o f  a d i f f e r e n c e  f r e q u e n c y  d e t e r m i n a t i o n  
be tween  t h e  CO laser  and a TDL which is  l o c k e d  t o  t h e  
OCS f r e q u e n c y  o f  i n t e r e s t .  (The l a t t e r  measurement  i s  
c o n t i n g e n t  upon a f r e q u e n c y  o v e r l a p  o f  10 GHz or  less  
be tween  t h e  O C S  f e a t u r e  and  t h e  C O  l a s e r  t r a n s i t i o n . )  
The two measu remen t s  are a l g e b r a i c a l l y  combined t o  
g i v e  t h e  measured f r e q u e n c y  f o r  t h e  c a r b o n y l  s u l f i d e  
t r a n s i t i o n .  

The b a s i s  for  t h e  h e t e r o d y n e  measu remen t s  are  
two s t a b i l i z e d  C02 laser  f r e q u e n c y  s t a n d a r d s  which 
h a v e  been  s t a b i l i z e d  by t h e  F r e e d - J a v a n  scheme ( 1  1 ) 

9 and  whose f r e q u e n c i e s  are known t o  o n e  p a r t  i n  10 
w i t h  r e s p e c t  t o  t h e  c e s i u m  s t a n d a r d  ( 1 2 , 1 3 ) .  By 
i r r a d i a t i n g  a M I M  d i o d e  w i t h  t h e  o u t p u t  from two s u c h  
g a s  lasers  and  a microwave s o u r c e ,  one c a n  s y n t h e s i z e  
any of t h e  CO laser  f r e q u e n c i e s ;  however  i n  p r a c t i c e  
i t  is more c o n v e n i e n t  t o  s y n t h e s i z e  a f r e q u e n c y  t h a t  
is j u s t  c l o s e ,  s a y  i n  t h e  100 t o  1200 MHz r a n g e .  
T h i s  p r a c t i c e  allows t h e  o b s e r v a t i o n  of a b e a t n o t e ,  
v B , ,  whose v a l u e  is a d j u s t e d  t o  some p a r t i c u l a r  
v a l u e ,  and  marked by a n  o s c i l l a t o r  a t  f r e q u e n c y ,  vm. 
Then v a r i o u s  c o m b i n a t i o n s  below w i l l  s y n t h e s i z e  t h e  
f r e q u e n c y  of any  o f  t h e  CO l aser  t r a n s i t i o n s  used  i n  
these measuremen t s ;  

or 

vco = vxfer = 3v,  - v2 v M ( o r  0 )  k vm, (2) 

where  vl  and v2 are  t h e  f r e q u e n c i e s  of t h e  C 0 2  
l a s e r s ,  and  vM is  a microwave f r e q u e n c y .  
u t i l i t y  o f  t h e  CO laser is as  a t r a n s f e r  o s c i l l a t o r .  
N e v e r t h e l e s s ,  we t u n e  t h e  CO l aser  t h r o u g h  its l a s i n g  
b a n d w i d t h  and  measu re  t h e  c e n t e r  of t h e  c o r r e s p o n d i n g  
e x c u r s i o n  of t h e  b e a t n o t e ,  v B l ,  by a d j u s t i n g  the  
marker f r e q u e n c y ,  vm. T h i s  a l s o  g i v e s  a new v a l u e  
fo r  t h e  C O  t r a n s i t i o n .  We estimate t h a t  we c a n  
d e t e r m i n e  t h e  CO t r a n s i t i o n  f r e q u e n c y  t o  w i t h i n  k 3 
MHz. Our r e s u l t s  for t h e  t r a n s i t i o n s  i n  T a b l e  I a r e  
a n  a v e r a g e  o f  6 .6  MHz lower t h a n  t h e  v a l u e s  
c a l c u l a t e d  from t h e  b e s t  a v a i l a b l e  c o n s t a n t s  i n  t h e  
l i t e r a t u r e .  The f r e q u e n c y  of t h e  t r a n s f e r  osc i l la -  

The main 
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t o r ,  vxfer ,  is known t o  an est imated f 0 . 2  MHz, 
however, and i t  is t h i s  smaller  unce r t a in ty  t h a t  i s  
c a r r i e d  forward t o  the  next phase of t he  measurement. 

The second p a r t  of t h e  measurement was a 
de te rmina t ion  of t h e  d i f f e r e n c e  frequency between the  
t r a n s f e r  o s c i l l a t o r  and the  tunable  diode l a s e r  which 
was locked t o  the  OCS absorp t ion  f e a t u r e  of i n t e r e s t .  
The measurement cons is ted  of averaging the  bea tnote  
vB2 on a spectrum analyzer  w i t h  s to rage  c a p a b i l i t y .  
The cen te r  of t he  bea tnote  was marked w i t h  an 
o s c i l l a t o r  whose frequency was counted. There were 
two components of unce r t a in ty  in  t h i s  measurement; 
one was taken t o  be one t en th  the  w i d t h  of t h e  
averaged bea tnote  w i d t h .  A smal le r  con t r ibu t ion  came 
from the  unce r t a in ty  i n  locking the  TDL t o  the  OCS 
l i n e  cen te r  with a f i r s t  d e r i v a t i v e  lock ( o f f s e t  from 
zero  in  a case  when background s lope  was nonzero) .  
We de f ine  t h i s  p a r t  a s  one ha l f  t he  frequency 
corresponding t o  the  d e r i v a t i v e  extrema s i g n a l  
divided by the  s i g n a l  t o  no i se  r a t i o  of t he  
d e r i v a t i v e  s i g n a l .  

The pa th  length  used f o r  t hese  measurements was 
1 .7 m and t y p i c a l  f i l l  p re s su res  ranged from 30 t o  
500 Pa ( 0 . 2 5  t o  3.7 T o r r ) .  The c e l l  was e leva ted  t o  
higher  temperatures  f o r  some of t he  high J measure- 
ments.  

Analysis  of t h e  Measurements 

The measurements a r e  given i n  Table I .  These 
measurements were combined in  a l ea s t - squa res  
a n a l y s i s  w i t h  t he  measurements involving the  same 
upper s t a t e  v i b r a t i o n a l  l e v e l  given by S a t t l e r  e t  a l .  
( 7 ) .  Since the  S a t t l e r  measurements were hot  band 
measurements, t he  appropr i a t e  lower s t a t e  cons t an t s  
were taken from r e f s .  ( 1  and 7 )  and used i n  the  
l ea s t - squa res  f i t .  Also used in  t h e  f i t  were the  two 
microwave measurements on t h e  1 2  0 l e v e l  given by 
Morino and Matsumura ( 1 4 ) .  

-- 

0 

913 
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Table I .  
t o  C02 Laser  Frequencies  v i a  a CO Laser  T rans fe r  O s c i l l a t o r  

Frequency Measurements of ttle 12°0-0000 Band of OCS w i t h  Respect 

1 2 ~ 1 6 0  Laser  OCS Molecule 

Trans i t  ion  Frequency Trans i t  ion Frequencya Obs-Calc.b 
MHz MHz MHz 

55 963 509.4 

56 079 579.6 

56 250 164.1 

56 387 993.7 

56 610 485.9 

56 766 141.6 

57 013 382.2 

57 148 228.4 

57 276 295.5 

57 403 402.3 

55 965 945.3(40)  -0.8 

56 081 803.3(100)  -0.3 

56 246 523.7(60)  -1.7 

56 389 513.8(60)  -1.3 

56 606 278.8(100) -5.5 

56 764 171.2(40)  1 .3  

57 009 004.1(90) 5 . 2  

57 1 4 4  743 .6(60)  -4.2 

57 268 989 .4(70)  -1.6 

57 406 810.3(80)  2.0 

a )  The e s t ima ted  u n c e r t a i n t y  i n  t h e  l a s t  d i g i t s  is g iven  i n  pa ren theses .  

b) The rms d e v i a t i o n  was 3.0 MHz. 

The l e a s t - s q u a r e s  a n a l y s i s  was b a s e d  on t h e  
u s u a l  e q u a t i o n s ,  namely:  

and  

F ( J )  = B v J ( J + l )  - D v J 2 ( J + 1  )2 + HvJ3(J+1 13. ( 4 )  

The g round  s t a t e  c o n s t a n t s  were t a k e n  from r e f .  ( 1 ) .  
The c o n s t a n t s  r e s u l t i n g  from t h i s  f i t  are  g i v e n  i n  
T a b l e  11. The c o n s t a n t s  a re  a l l  w i t h i n  two s t a n d a r d  
d e v i a t i o n s  of t h e  v a l u e s  g i v e n  by S a t t l e r  e t  a l .  The  
l a r g e s t  change  is t h e  band c e n t e r ,  which  is found t o  
be 8 MHz lower i n  t h e  p r e s e n t  w o r k .  

The c o n s t a n t s  g i v e n  i n  T a b l e  I1 were combined 
w i t h  t h e  v a r i a n c e - c o v a r i a n c e  m a t r i x  from t h e  
l e a s t - s q u a r e s  f i t  t o  o b t a i n  t h e  c a l c u l a t e d  t r a n s i t i o n  
wavenumbers and  t h e i r  u n c e r t a i n t i e s  a s  g i v e n  i n  T a b l e  
111. 
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T a b l e  11. Cons tan ts  f o r  t h e  12°0-00@0 Band of OCS 

Cons tan t  Frequencya 
( MHz) 

56 727 645 .4(22)b  

6084.3895(46) 

1.07894(298) x 

0.942(510) x 

[6081.492117( 10 ) I c  
[ I  .3014398(421 x 

[-0.07197(684) x 

a)  t o  c o n v e r t  t o  wavenumbers (cm-'1 d i v i d e  by 29979.2458 

b )  t h e  e s t i m a t e d  u n c e r t a i n t y  i n  t h e  l a s t  d i g i t s  (one s t a n d a r d  e r r o r )  is  

g iven  i n  p a r e n t h e s e s .  

c )  v a l u e s  enc losed  i n  s q u a r e  b r a c k e t s  were taken  From Ref. (L). 
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TABLE 111. C a l c u l a t e d  t r a n s i t i o n  wavenumbers (cm-’ j a )  
for the 12°0-0000 band of OCS _ _  ___....._.._.......... 

P-BRANCH 

1892.63651( 7 )  
1893.04261( 7 )  
1893.44890( 7 )  
1893.85538( 7 )  
1894.26205( 7 )  
1894.66892( 7 )  
1895.07597( 7)  
1895.48322( 7 )  
1895.89065~ 6 j  
1896.29828( 6 )  
1896.70611( 6 )  
1897.11412( 6 )  
1897.52233( 6 )  
1897.93074( 6 )  
1898.33934( 6 )  
1898.74814( 5 )  
1899.15715( 5 )  
1899.56635( 5 )  
1899.97577( 5 )  
1900.38539( 5 )  
1900.79521t 5 J  
1901.20526( 5 )  
1901.61551( 5 )  
1902.02599( 5 )  
1902.43669( 5 )  
1902.84761( 5 )  
1903.25877( 5 )  
1903.67016( 5 )  
1904.08178( 5) 
190L.49364( 5) 

P( 1 )  1891.82489( 7)b’  
P( 2 )  1891.41937( 7 )  
P( 3 )  1891.01405( 7 )  
P( 4 )  1890.60892( 7 )  
P( 5 )  1890.20399( 7)  
P( 6 )  1889.79926( 7 )  
P( 7)  1889.39474( 7)  
P( 8 )  1888.99042( 7 )  
P( 9 )  1888.58630( 7)  
P ( 1 0 )  1888.18240( 6 )  
P(11)  1887.77871( 6 )  
P(12)  1887.37523( 6 )  
P ( 1 3 )  1886.97197( 6 )  

P(17)  1885.36116( 5) 
P ( 1 8 )  1884.95904( 5 )  
P(19)  1884.55716( 5) 
P(20)  1884.15552( 5 )  
P(21)  1883.75113( 5 )  
P(22)  1883.35299( 5 )  
P(23)  1882.95211( 5 )  
P(24)  1882.55149( 5) 
P(25)  1882.15114( 5 )  
P(26)  1881.75107( 5) 
P(27)  1881.35127( 5 )  
P(28)  1880.95176( 5 )  
P(29)  1880.55253( 5 )  

1904.90576( 5 j  p i m j  1 8 8 0 . 1 5 3 6 1 ~  sj  
1905.31812( 5 )  P(31)  1879.75498( 5) 
1905.73073( 5 )  P(32)  1879.35667( 5) 
1906.14361( 5) 
1906.55675( 5 )  
1906.97016( 5 )  
1907.38385( 5 )  
1907.79782( 5 )  
1908.21208( 5 J  
1908.62664( 5 )  
1909.04149( 5 )  
1909.45665( 5) 
1909.87212( 5 )  
1910.28792( 6 )  
1910.70404( 6 )  
1911.12050( 6 )  
1911.53730( 6 )  
1911.95145( 6 )  
1912.37196( 7 )  
1912.78983( 7 )  
1913.20808( 7 )  
1913.62672( 7 )  
1914.04571( 7 )  
1914.46517( 7 )  
1914.88501( 7 )  
1915.3?5?6( 7 )  
1915.71595( 7 )  
1916.14708( 7 )  
1916.56865( 7 )  
1916.99069( 7 )  
1917.41320( 7 )  
1917.83618( 7 )  

P(33)  1878.95867( 5) 
P(34)  1878.56100( 5 )  
P(35)  1878.16365( 5) 
P(36)  1877.76664( 5 )  
P 0 7 )  1877.36998( 5 )  
P 0 8 )  1876.97367( 5 )  
P 0 9 )  1876.57772( 5 )  

P(43)  1874.99768( 5 )  
P(44)  1874.60365( 5 )  
P(45)  1874.21004( 6 )  
P(46)  1873.81684( 6 )  
P(47)  1873.42408( 6 )  
P(48)  1873.03176( 6 )  
P(49)  1872.63988( 6 )  
P(50)  1872.24847( 7 )  
P(51) 1871.85752( 7 )  
P(52)  1871.46705( 7 )  
P(53)  1871.07708( 7 )  
P(54)  1870.68761( 7 )  
P(55)  1870.29865( 7 )  

P(59)  1868.74816( 7 )  
P(60)  1868.36194( 7 )  
P(61)  1867.97630( 7 )  
P(62)  1867.59126( 7 )  
P(63)  1867.20683( 7 )  
P(64)  1866.82302( 9 )  
P(65)  1866.43984(10) 1919.53316(16) R(65) 

a) The t r a n s i t i o n  f r e q u e n c i e s  i n  )(HZ may be -. 
o b t a i n e d  by a d t i p l y i n g  t h e  wavenumbers by 
29979.2458. 

b )  The e s t i m a t e d  u n c e r t a i n t i e s  i n  t h e  l a s t  d i g i t s  
(one s t a n c a r l  e r r o r )  a r e  g iven  in p a r e n t h e s e s .  
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